Insulin-like growth factor (IGF) circulates in blood in two large molecular mass forms of 150 and 40 kD. Under normal conditions, most of the IGF is bound to the 150-kD complex by which it is retained in the circulation and therefore unable to exert acute insulin-like actions. The aim of this study was to answer the question whether or not IGF in the 40-kD complex is bioavailable to insulin target tissues and thus can cause acute insulin-like effects in vivo. Intravenously injected 1:1 molar recombinant human (rh) IGF I/rhIGF binding protein (BP) -3 complex lowered blood glucose and stimulated glycogen synthesis in diaphragm of hypophysectomized, but not of normal rats. The serum half-lives of the two components of the complex were similar to each other, but considerably shorter in hypox than in normal rats. On neutral gel filtration of serum both components of the injected complex appeared predominantly in the 150-kD region in normal rats. In hypox rats which lack the 150-kD complex they were found in the 40-kD region and disappeared rapidly from the circulation. We conclude that in the absence of the 150-kD complex, IGF associated with the 40-kD complex can rapidly leave the vascular compartment, reach insulin or type 1 IGF receptors and exert acute insulin-like effects. (J. Clin. Invest. 1995. 95:179-186.)
Introduction
Insulin-like growth factor I circulates in blood in two large molecular mass forms (1) . Most of the IGF I is associated with a 150-kD complex (1, 2) consisting of a glycosylated acidlabile protein (ALS,' a subunit), glycosylated IGF binding protein-3 (IGFBP-3, /P subunit) and IGF I itself (y subunit) (3) . A smaller portion of IGF I is found in a 40-kD a complex (1, 2, 4) which contains IGFBP-2, -3, -4 (5, 6) and -6 (7), besides small amounts of IGFBP-1. In normal human and rat serum, free IGF I is barely detectable (8, 9) . In the 150-kD complex, IGF I has a long serum half-life (8, 10 ) and restricted bioavailability to tissue receptors and therefore does not participate in the regulation of glucose homeostasis ( 1) . However, when injected intravenously, IGF I induces hypoglycemia (10, 11, 12) and stimulates glycogen synthesis in skeletal and heart muscle (10, 12) and lipid synthesis in adipose tissue (10). These effects are mainly due to a transient increase of free IGF I because the binding capacity of circulating IGFBPs is temporarily overridden (10, 11) .
One of the still unanswered questions is whether or not IGF associated with the 40-kD complex can exert acute insulin-like effects as does free IGF. To this end it would have to leave the circulation and interact with insulin and/or type 1 IGF receptors. The following findings indicate that this may be the case: (a) In contrast to the 150-kD complex, the 40-kD complex is found in interstitial fluid suggesting that it passes through capillaries (13) . IGF levels in interstitial fluid are lower than in serum (13, 14) . This would be expected if only the 40-kDassociated, but not the 150-kD-bound IGF I passed into the interstitial space. (b) In humans, the serum half-life of IGF I (and I) in the 40-kD complex is only [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] min, as compared with 12-14 h in the 150-kD complex (8) , pointing to a high turnover of the former. (c) In extrapancreatic tumor hypoglycemia most of the circulating big IGF II produced by the tumor and held responsible for hypoglycemia is bound to the 40-kD complex (5, 15, 16) . The availability of recombinant human (rh) IGFBP-3 offered the possibility to address the above issue more directly. We have injected 1:1 molar IGF I/IGFBP-3 complex, IGFBP-3 alone or IGF I alone intravenously into normal or hypophysectomized (hypox) rats and measured effects on blood glucose, glycogen synthesis in diaphragm and lipid synthesis in adipose tissue. At the same time, the serum half-lives of IGF I and IGFBP-3 after injection of the complex were determined. The results show that the 1:1 molar IGF I/IGFBP-3 complex lowers blood glucose and stimulates glycogen synthesis in diaphragm of hypox but not of normal animals. The serum half-lives of each component of the IGF I/IGFBP-3 complex are similar, but they are considerably shorter in hypox than in normal rats. Switzerland). Animals had free access to food and drinking water and were kept on a 12-h light/dark cycle. Experiments were performed 2 wk after hypophysectomy in animals which had not gained > 2-3 g/ wk. Before the experiment, the animals received 0.25 ml (hypox rats) or 0.35 ml (normal rats) Valium/100 g body weight sc. 15-20 min later, 1 ml of phosphate-buffered saline (PBS)/0.1% human serum albumin (HSA) containing 1 1iCi of U-'4C-glucose (see below) and one of the following additions, was injected into a tail vein: (a) none (vehicle alone), (b) 132 pg of rhIGF I alone (Ciba-Geigy AG, Basel), (c) 500 Ag of rhIGFBP-3 alone (nonglycosylated, Celtrix, Santa Clara, CA), d) a 1:1 molar complex of the two compounds. Animals were anaesthetized with 0.2 ml/kg body weight of Innovar Vet (Pitman Moore, Washington Crossing, NJ) and bled by aortic puncture at 5, 20, 60, 120, and 240 min. For each time point three animals each were injected. To save hypox animals, only one time point at 20 min was chosen in the vehicle-treated group. Blood was kept on ice for 30 min and centrifuged for 15 min at 1,000 g and 40C. 25 pl of the serum was counted immediately for '4C-radioactivity in 10 ml of Instagel (Packard, Downers Grove, IL) in a /6 counter (Beckman, Irvine, CA). Glucose was determined by a glucose analyzer (Beckman, Fullerton, CA). The rest of the serum was stored at -20'C until used for analysis. U-_'4C glucose incorporation into diaphragm glycogen and into total lipids of epididymal fat pad was determined and calculated as described in detail earlier (10).
IGF I/IGFBP-3 complex formation was achieved by incubating 8.6 mg of rhIGFBP-3 with 2.28 mg of rhIGF I in 2.2 ml of PBS/10 mM sodium acetate, pH 6.0 (because rhIGFBP-3 is better soluble below pH 7.0), at 4°C over night. Before the experiment, the mixture was diluted into 15 ml of PBS/0.1% HSA pH 7.2, and D-U-'4C-glucose (specific radioactivity >230 mCi/mmol, Amersham, UK) was added to give a final radioactivity of 1 ACi/ml. Under the above conditions, the concentration of free rhIGF I in the final solution as measured by neutral sizing chromatography (16) and by immunometric assay (17) was < 5% of the total rhIGF I.
Analysis of sera
Determination of immunoreactive IGF 1. 0.15 ml of PBS/0.2% (wt/ vol) HSA, pH 7.4, was added to 0.1 ml of serum and the mixture was acid-treated and run on SepPak C18-cartridges (Waters, Milford, MS) according to the protocol supplied by Immunonuclear (Stillwater, MN). After reconstitution with 1 ml of PBS/0.2% HSA, all samples were assayed at three different dilutions by RIA using human rhIGF I as a standard (4, 19) . The three dilutions gave comparable values from which the mean value was calculated. Rat IGF I does not cross react in this assay. Determination of endogenous rat IGF I in saline-or IGFBP-3 -treated rats was performed with another IGF I-antiserum (gift from the late Dr. K. Reber, Hoffmann La Roche, Basel, Switzerland) (4) de- canted and the pellet counted in a y counter. All serum samples were measured at three different dilutions. They gave comparable values from which the mean value was calculated. Inter-and intra-assay variations were 4.4 (n = 7) and 1.7% (n = 15), respectively. Total binding of 125I-rhIGFBP-3 was 21+3% (n = 4, mean+SD) and nonspecific binding 3.8+ 1.4% (n = 4, mean-SD). The recovery of rhIGFBP-3 added to rat serum was 96±5.4% (n = 5, mean+SD). Half-maximal displacement of '25I-rhIGFBP-3 was achieved at 5.2±0.6 ng/ml of unlabeled rhIGFBP- 3 (n = 4, mean+SD), and the lowest concentration of rhIGFBP-3 detectable with this assay was 1.5 ng/ml (0.6 ng/tube).
Determination of injected rhIGFBP-3 by Western ligand blotting was performed after electrophoresis of 2 p1 of serum on SDS/15% polyacrylamide gels and electroblotting on nitrocellulose (4, 20) . After exposure of the washed and air-dried membranes to an X-ray film (Kodak X-Omat AR; Eastman Kodak Co., Rochester, NY) the membranes were fitted on the autoradiogram on a fluorescent screen and the bands between 32 and 34 kD representing nonglycosylated human IGFBP-3 were cut-out and counted in a y-counter (5). Corresponding strips obtained from control sera of saline-treated normal and hypox rats were used to subtract "background activity" and correct for binding of tracer to endogenous rat IGFBPs in the 32-34-kD region. Results are expressed as cpm/band.
Sephadex gel-filtration experiments. 0.6 ml of pooled serum from three rats per time interval (5, 20 , 60 min) was gel-filtered on a Sephadex G-200 column (2 x 70 cm) and eluted with Dulbecco's PBS (pH 7.4, containing 0.02% of NaN3, pumping rate 10 ml/h). The column had previously been calibrated with various molecular mass markers and with normal and hypox rat serum preequilibrated with 3-4 x 105 cpm 251I-IGF II, (specific radioactivity 300-400 pCil/g; Anawa, Wangen, Switzerland) to localize the 150-and 40-kD IGFBP complexes (4). The 40-kD '25I-IGF II complexes of both normal and hypox rat serum eluted within the same molecular mass range (25-100 kD; see also ref. 4 ). The 150-kD complex is lacking in hypox rat serum (4) , and the radioactivity eluting within this range (100-270 kD) was < 10% of the 40-kD peak. Eluted fractions (2.4 ml) were pooled according to the location of the two complexes (pooled fractions 50-55 and 56-61 representing the 150-kD complex, and pooled fractions 62-67, 68-73, 74-79, and 80-85 representing the 40-kD complex). The six pools were dialyzed against 0.1 M NH4HCO3 in Spectrapor tubing (Spectrum Medical Industries, Houston, TX; molecular weight cut-off 3,500), lyophilized, dissolved in 1.0 ml of H20 and rhIGFBP-3 was measured at 3 different dilutions in the IGFBP-3 RIA (see above). For determination of irIGF I, 0.1-ml aliquots of each pool were diluted with 0.15 ml PBS/0.2% HSA, pH 7.4, and processed over SepPak C18-cartridges as described above for serum.
Statistics. Statistical analysis was performed using the unpaired Student's t test.
Results
Effects of IGF I, IGFBP-3, and IGF I/IGFBP-3 complex on serum glucose, serum '4C-radioactivity, and specific glucose radioactivity in normal and hypox rats. Neither i.v.-injected IGFBP-3 nor IGF I/IGFBP-3 complex caused significant changes of the serum glucose levels in normal rats ( Fig. 1 A) . This was true whether values of the same curve were compared to each other or whether corresponding values of the two curves were compared to each other or to those of saline-treated animals. Only the IGF I bolus lowered blood glucose significantly after 20 min (Fig. 1 A) . Like in normal animals, IGFBP-3 alone did not cause significant changes of the blood sugar level in hypox rats although there appeared to be a tendency towards lower glucose levels at 20 min, as also observed in normal animals. However, this value was neither statistically different from the 5 min value nor from the corresponding 20 min value of saline-treated animals. In contrast to normal animals, the 180 Zapf et al. (Fig. 1 C) . Effect ofIGF I, IGFBP-3, and IGF I/IGFBP-3 complex on glucose incorporation into diaphragm glycogen and fat pad total lipids. In normal rats, only the IGF I bolus significantly stimulated glucose incorporation into diaphragm glycogen, whereas IGFBP-3 alone and the IGF I/IGFBP-3 complex had no stimulatory effect (Fig. 2 A) . In contrast, the IGF I/IGFBP-3 complex like IGF I enhanced glycogen synthesis in diaphragm of hypox rats to a similar extent during the first 120 min (Fig.  2 A) . Similar to glycogen synthesis, incorporation of U-[ 4C ] -glucose into fat pad total lipids of normal rats was only stimulated by the IGF I bolus (Fig. 2 B) . No stimulation of lipid synthesis was observed in hypox rats with any of the three compounds (Fig. 2 B) . The lack of an IGF I effect on lipid synthesis in fat pads of hypox rats confirms earlier findings (10) and is compatible with the observation that adipose tissue and isolated fat cells of hypox rats where IGF I acts via the insulin receptor are "refractory" to insulin stimulation of lipid synthesis (21, 22) .
Serum half-lives of IGF I and IGFBP-3 after injection of IGF I, IGFBP-3, or IGF I/IGFBP-3 complex. The results obtained with the IGFBP-3-RIA (Fig. 3 B) agree reasonably well with those obtained by Western ligand blotting (Fig. 3 C) . As shown earlier (10), the serum half-life of i.v. injected IGF I is considerably longer in normal than in hypox rats (Fig. 3 A) . In normal rats, IGF I disappears more rapidly after IGF I than after the IGF I/IGFBP-3 complex during the first 5 min of the experiment. Later, the disappearance rates become similar, although they are somewhat slower in the case of the complex (-7 and 9 min between 5 and 20 min after injection, 100 and 120 min following 20 min after injection; Fig. 3 A) . Furthermore, IGF I levels are significantly higher at all time points after injection of the complex. (Fig. 3 A) . In hypox rats, IGF I levels 5 and 20 min after the IGF I and the IGF I/IGFBP-3 bolus are the same. After 20 min, IGF I disappears with a halflife of 16 and 24 min, respectively, after the IGF I/IGFBP-3 and the IGF I bolus (Fig. 3 A) . In contrast to normal rats, IGF I levels at 60 and 120 min are lower with the IGF I/IGFBP-3 than with the IGF I bolus.
The disappearance kinetics of IGFBP-3 after iv administration of the IGF I/IGFBP-3 complex closely resemble those of IGF I. This is true in normal as well as in hypox rats (Fig. 3) . 20 min after injection of the complex, IGFBP-3 disappears with a half-life of 80-100 min in normal and 14-15 min in hypox rats as calculated from the RIA and the Western ligand blot data, respectively (Fig. 3 B and C) . Surprisingly, 5 min after injection of IGFBP-3 alone, the serum IGFBP-3 level has dropped to 5-10% of the level after injection of the complex in both normal and hypox rats. After 20 min, however, the disappearance rates of IGFBP-3 become similar whether IGFBP-3 alone or the complex has been injected, but they are faster in hypox (tl/2 = 40-50 min) than in normal animals (t1, 2 = 100-110 min).
The distribution of IGFBP-3 and IGF I after administration of the complex differs considerably between normal and hypox rats (Fig. 4 A and B) . In normal rats, most of the IGF I and IGFBP-3 is found in the range of the 150-kD IGFBP complex after 20 and 60 min, whereas both compounds appear mainly in the range of the 40-kD BP complex in hypox rats after 5 
Discussion
The aim of this study was to answer the question whether or not iv injected 1:1 molar IGF I/IGFBP-3 complex, like IGF I itself, can elicit acute insulin-like effects on glucose homeostasis in normal or hypox rats. To this end, the effects of the complex on serum glucose levels and glucose incorporation into diaphragm glycogen and epididymal fat pad total lipids were compared with the effects of each of the single components. These were administered at the same dose in which they were present in the complex. A second question of interest addressed the elimination kinetics of the IGF I/IGFBP-3 complex as compared to those of IGF I or IGFBP-3 injected alone.
Since we used nonglycosylated instead of glycosylated IGFBP-3, the "physiological" form occurring in serum, the first question which arises is whether or not the nonglycosylated IGFBP-3 is equivalent to the glycosylated form. As tissue via the insulin receptor (23, 24) it is unable to stimulate this parameter in hypox animals ( Fig. 2 A and reference 10) .
In a previous study, Sommer et al. (18) reported that IGFBP-3 injected sc together with IGF I in hypox rats reduced hypoglycemia as compared to sc injected IGF I alone. Although these results are not readily comparable with ours because of the different route of administration of the compounds and because blood sugar levels were measured only 2 h after injection, they do not essentially disagree with our findings: indeed, the hypoglycemic effect of iv injected IGF I/IGFBP-3 complex in hypox rats was less pronounced and less sustained than that of the corresponding dose of IGF I.
Another information obtained by our study concerns the effect of i.v. injected IGFBP-3: neither in normal nor in hypox animals did it cause significant changes of the blood sugar level nor stimulation of glycogen synthesis in skeletal muscle. The former finding is in contrast to the report of Lewitt discrepancy is due to different inherent properties of the two BPs or to differences in the experimental design remains to be clarified. One might argue that the acute insulin-like effects exerted by the IGF I/IGFBP-3 complex in hypox rats are due to the presence of free IGF I. However, as determined by neutral sizing chromatography (17) and immunometric assay (18) free IGF I was at the limit of detection and was estimated < 5% of the total IGF I present in the complex, i.e. < 6 ,ug/injection. Although we have not tested this dose in hypox animals it appears unlikely that it would enhance glycogen synthesis in diaphragm and the disappearance of specific glucose radioactivity to the same extent as the > 20-fold higher dose of the IGF I bolus. On the other hand, in vitro studies have shown that IGF I in the presence of an equimolar amount of IGFBP-3 can stimulate glycogen synthesis in cultured human osteoblastic cells to a similar extent as IGF I alone (only excess IGFBP-3 inhibited IGF I action) (26) .
Nevertheless, the following question remains to be answered: why does the i.v. injected IGF I/IGFBP-3 complex elicit acute insulin-like actions in hypox, but not in normal animals? An explanation for this difference is provided by the different elimination kinetics of the complex in normal and hypox animals (Figs. 3 and 4) which in turn are due to differences in the ability of injected binary IGF I/IGFBP-3 complex to form the 150-kD ternary IGFBP complex in serum. As shown in Fig. 3 , the half-life of IGF I and IGFBP-3 20 min after injection of the complex is 6-8-fold shorter in hypox than in normal animals. This difference which is also found for i.v.-injected IGF I (Fig. 3 and reference 10) is explained by the lack in hypox serum of the 150-kD heterotrimer (4) due to deficiency of the ALS (27) . In normal animals where ALS is present in a free form in molar excess of the complex (28), the injected IGF I/IGFBP-3 complex should be able to form the 150-kD heterotrimer. Thereby, passage of IGF through capillaries is prevented (13) , IGF is retained in the circulation and, as postulated earlier (1) rendered inactive with respect to regulation of glucose homeostasis. This explanation is in line with our finding that in normal serum most of the IGF I and IGFBP-3 after injection of the IGF I/IGFBP-3 bolus elutes in the range of the 150-kD IGFBP complex on neutral Sephadex G-200 gel permeation chromatography (Fig. 4) . In hypox serum, however, most of the IGF I and IGFBP-3 is found in the range of the 40-kD IGFBP complex (Fig. 4) because ALS is lacking and formation of the 150-kD heterotrimer cannot occur. As a consequence, the injected IGF I/IGFBP-3 appears to be rapidly cleared from the circulation.
The finding that the disappearance rates of IGF I and IGFBP-3 after complex injection in hypox rats are identical (9 min after 5 min of injection, and 14-16 min after 20 min of injection) suggests that the two compounds may be cleared together as IGF I/IGFBP-3 complex. This notion would be 184
Zapf et al. One of the surprising findings of the study concerns the disappearance of iv injected IGFBP-3 in both normal and hypox animals. 5 min after injection, the serum IGFBP-3 levels had dropped to 5-10% of the level following injection of the IGF I/IGFBP-3 complex. This finding is in contrast to the results reported by Lewitt et al. (30) who injected an iv bolus (130 ,tg/kg) of human IGFBP-3, purified from Cohn fraction IV of human plasma, into normal rats and found > 50% of it in the 150-kD complex already 2 min after injection. Because IGFBP-3 must bind IGF before it can associate with ALS (3), these authors concluded that a large pool of IGFs must be readily available to the circulation in order to explain this finding. They estimated that -700 ng/ml of IGF I would be required for complexing 50% of the injected IGFBP-3 within the 150-kD ternary complex (30) . However, total IGF I levels in the IGFBP-3-injected animals were not reported. We have measured IGF I in the sera of our saline-and IGFBP-3-injected normal rats but have been unable to find significant differences during the 4-h period of our experiment. The discrepancy between Lewitt's and our findings might be due to the different IGFBP-3 preparations used, i.e., the glycosylated form in Lewitt's and the nonglycosylated form in our experiments. For example, association of the nonglycosylated form with IGF I and acid-labile subunit may not occur as rapidly as with the glycosylated form. Indeed, Sommer et al. (17) reported that association of sc injected IGF I/nonglycosylated IGFBP-3 complex with ALS was delayed as compared to that of the IGF 1/glycosylated IGFBP-3 complex. Nevertheless, if a large pool of IGF I were available to the circulation, as postulated by Lewitt et al. (30) , one would expect significant amounts of this IGF I to be bound to the relatively large quantity (-3 mg/kg) of injected nonglycosylated IGFBP-3. This should be measurable even though formation of the ternary complex was retarded, since the affinities of the glycosylated and nonglycosylated forms for IGF I are the same (17) .
To find an explanation for the rapid disappearance of rhIGFBP-3 during the first 5 min of injection, we have tested by immunoblotting whether injected free rhIGFBP-3 is rapidly degraded in the circulation. At no time point have we found significant amounts of degradation products of rhIGFBP-3 either in normal or hypox animals (not shown). Possibly, most of the injected rhIGFBP-3 leaves the circulation very rapidly or is removed from the circulation by binding to the vascular endothelium.
Finally, our studies may provide some clues to the pathogenesis of extrapancreatic tumor hypoglycemia (EPTH) in man.
In this paraneoplastic syndrome, an incompletely processed form of IGF II (big IGF II) produced by the tumor cannot adequately associate to form the 150-kD ternary complex and circulates mainly as a small molecular weight binary IGF II/ IGFBP complex (5, 15, 16) . One of the prerequisites for the development of hypoglycemia in EPTH is that complexed big IGF II can exert acute insulin-like effects. Indeed, this is true for a 1:1 molar IGF I/IGFBP-3 complex in the absence of the 150-kD ternary complex as shown here. In analogy to hypox rats injected with the IGF I/IGFBP-3 complex, patients with EPTH display low serum insulin levels and suppressed GH secretion besides impaired formation of the 150-kD ternary IGFI/IGFBP-3 Complex and Glucose Homeostasis 185 complex and a circulating "free" 40-kD IGFBP pool loaded with IGF (in this case big IGF II) (16, 31, 32) . Like in hypox animals, IGF H associated with the latter BP pool may rapidly leave the circulation (8) and reach insulin target tissues. However, in contrast to hypox rats injected with the IGF I/IGFBP-3 complex, the situation in patients with EPTH corresponds to a constant iv infusion of an IGF I/IGFBP complex which permanently carries big IGF H produced by the tumor into the interstitial fluid and thus floods insulin target tissues with this insulin-like substance which then exerts sustained insulin-like effects and causes severe fasting hypoglycemia.
